OBJECTIVE: This study examined the effects of covert alterations in the energy density (ED) of mixed, medium fat (MF) diets on ad libitum food and energy intake (EI), subjective hunger and body weight in humans. DESIGN: Randomised cross-over design. Subjects were each studied three times (factorial design), during 14 d, throughout which they had ad libitum access to one of three covertly-manipulated MF diets. SUBJECTS: Six healthy men, mean age (s.e.m.) 30.0 y (12.76 y), mean weight 71.67 kg (19.80 kg); mean height 1.79 m (0.22 m), body mass index (BMI) 22.36 (2.60) kg/m 2 , were studied. The fat, carbohydrate (CHO) and protein in each diet (as a proportion of the total energy) and energy density (ED) were, low-ED (LED), 38:49:13%; 373 kJ/100 g; medium-ED (MED), 40:47:13%; 549 kJ/100 g; high-ED (HED), 39:48:13%; 737 kJ/100 g. Subjects could alter the amount but not the composition of foods eaten. They were resident in (but not con®ned to) a metabolic suite throughout the study. RESULTS: Solid food intake decreased as ED increased, giving mean values of 2.84, 2.51 and 2.31 kg/d, respectively. This was insuf®cient to defend energy balance, since energy intake increased with increasing ED (F (2,10) 16.08; P`0.001) giving mean intakes of 10.12, 12.80 and 16.17 MJ/d, respectively. Rated pleasantness of food (measured on visual analogue scales) was not signi®cantly different between diets nor was subjective hunger different between the LED, MED and HED diets, respectively. Diet signi®cantly affected body weight (F (2,10) 4.62; P 0.038), producing changes of 71.20, 0.02 and 0.95 kg, respectively, by day 14. CONCLUSION: Dietary ED can in¯uence EI and body weight, since changes in amount eaten alone are insuf®cient to defend energy balance, when subjects feed on unfamiliar diets and diet selection is precluded. Comparison with our previous studies suggest that there was compensation in solid food intake when ED was altered using mixed diets (as in this study) compared to previous studies which primarily used fat or CHO to alter dietary ED.
Introduction
Increased fat intake is considered to be a major factor in Western society, predisposing individuals to gain weight. Indeed, government reports now suggest that in order to limit weight gain, people should speci®-cally attempt to reduce dietary fat intake (for example, see Ref. 1) . The evidence that fat somehow bypasses appetite control and that changes in fat intake are a major factor underlying secular trends in body weight appears to be compelling. 2 ± 6 The food industry has responded to dietary recommendations regarding fat, by producing a large number of food products which are`low' or`lowerfat' foods. These foods are not always foods which are low in energy density (ED) or in the case of somè lower fat' foods, low in absolute fat content. Despite this fact, some consumers appear to have developed the perception that in order to lose weight, a person simply needs to reduce their total dietary fat intake. This may not be the case since two recent studies found that the increased consumption of modi®ed low fat (LF) foods decreases fat but not energy intake (EI), in free-living consumers. 7, 8 These results suggest that while dietary fat intake may be a risk factor for weight gain, substantial weight loss is unlikely to be achieved simply by increasing the consumption of LF food products.
The majority of studies that compare the effects of high fat (HF) and LF diets on appetite and indices of energy balance, confound diet composition with ED, since dietary fat content and ED tend to co-vary. These studies have not therefore assessed whether the excess EI induced by consumption of HF diets is a macronutrient-speci®c effect. Two studies have compared the effects of isoenergetically-dense HF and LF diets on EI. When the ED of HF and LF diets was very similar, the effect of fat in promoting excess EI was not apparent. 9, 10 These ®ndings have led to the suggestion that the effects of fat in promoting excess EI is simply a non-nutrient speci®c effect of dietary ED. 11 However, many experts would agree that the effects of diet composition on feeding behaviour cannot be simply reduced to a question of whether dietary fat or ED promotes excess EI.
Other studies which have compared the effects of isoenergetic (1.0 ±1.5 MJ) macronutrient loads on subjective hunger, have found protein to be the most satiating macronutrient. 12 ± 14 Differences between isoenergetically-dense HF and high carbohydrate (HC) diets are detectable, but tend to be more subtle than when fat contributes disproportionately to dietary ED (for example, see Ref. 15) . A consideration of the literature suggests, that under ecological conditions, there is a hierarchy in the satiating ef®ciencies of the macronutrients protein (most satiating), carbohydrate (CHO) and fat (least satiating). 16 This hierarchy may be over-ridden by changes in dietary ED, since we have recently shown that subjects can spontaneously overeat on high-CHO (HC) diets which are high in ED. 17 A much more complex picture of the way human subjects respond to different controlled (and often covert) manipulations of the nutrient content andaor ED of the diet is thus beginning to emerge.
Walls and Koopmans 18 have found that in rodents, compensatory responses were greater when rats were given intravenous infusions of mixed nutrients, than when either fats or glucose were given alone. Compensatory responses were greater for glucose than fat. This effect has been found in humans. 19 Campbell et al 20 observed marked (albeit incomplete) compensatory responses for covert alterations in the ED of mixed, liquid diets in lean but not obese subjects. These observations, together with the above discussion, suggest that subjects may compensate to a greater extent for variations in the ED of mixed diets than when the ED of the diet is altered primarily using fat or CHO.
This study therefore examined subjects' responses to variations in the ED (but not the composition) of mixed diets, under the same experimental conditions that we have used to examine responses to ED manipulations of the diet by primarily using fat, 5 ) were recruited by advertisement. They were normal weight, nonsmoking, non-trained, healthy men, who were not taking any medication. Subjects were resident in, but not con®ned to, the metabolic suite, since they could come and go as they pleased. They also had ad libitum access to a diet that was of a ®xed composition per run and so were not strictly free-living in the true sense of the phrase.
Study design
Each subject was studied three times in 16 d during treatments which began with 2 d equilibration on a diet designed to standardise energy and macronutrient intakes at 1.6 Â basal metabolic rate (BMR), as described previously. 17 The ED of these meals were, on average 600 kJa100 g. During the subsequent 14 d, the subjects had continuous ad libitum access to one of three covertly manipulated diets, which were low (LED), medium (MED) or high-energy density (HED) ( Table 1 ). The proportion of energy derived from protein, CHO and fat was the same on each diet. Each dish was made in three versions, corresponding to the LED, MED and HED regimes. The ED of each food type increased on going from the LED to HED version of the same food. The order of diets was randomised in a counterbalanced design across subjects. The energy and macronutrient composition of each time of the diet, the diet recipes, three-day rotating menu and instructions for preparation of the foods, can be obtained by contacting the authors. The means of anthropometric measurement, food preparation, presentation and food intake measurements have been described in detail previously. 17 Subjects completed subjective hunger, appetite and palatability ratings 15 min after each meal as described by Hill and Blundell. 21 There was a minimum period of one week between treatments, during which subjects had access to free food. The subjects entirely determined their own daily activity regimes. We did not therefore ensure that physical activity was strictly controlled across treatments, although subjects reported that they did not change their normal routines during the course of the study. The study was approved by the Grampian Health Board and University of Aberdeen Joint Ethical Committee. 
CHO carbohydrate; NSP non-starch polysaccharides.
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Statistical analysis
ANOVA was conducted on the intakes of energy, fat, CHO and protein for the individual 24 h results from each subject, using the Genstat 5 statistical program (Genstat 5 Rothampstead Experimental Station, Harpenden, UK). The analysis treated subject, run and week (week 1 or 2 of each run) as blocking factors, and diet and week as factors. Menu days were included as a covariate. Post-hoc Scheffe tests were conducted to assess signi®cant differences between speci®c mean values. The analysis of the visual analogue ratings was complicated by the large number of missing observations for some subjects. Therefore it was necessary to check that there were no systematic differences in the times of non-response between diets, as this may bias the results. A logistic regression was performed with binary response, observation or missing value. Terms for subject, diet, time and the interactions between subject and diet, and subject and time, were included in the model. The interactions between time and diet, and subject, time and diet were then added to the model. After ®nding no evidence for systematic differences in response, average ratings were calculated for each day and these were analysed by ANOVA, with diet as factor and subject as blocking factor. Hunger ratings were analysed by ANOVA with subject, run, week and weekday as blocking factors and diet, week and weekday as factors. Pleasantness and satisfaction were analysed by ANOVA with subject, run, week and meal as blocking factors and diet, week and meal as factors. Menu day was included as a covariate. Change in body weight was analysed by ANOVA, with subject, run and week as blocking factors and day, week and diet as factors. Table 2 summarises the mean intakes of weight, energy, fat, CHO, protein, sugar and starches, and gives the standard errors of the difference between the means (s.e.d.), F ratios and probability values, associated with the main effects for dietary manipulation. There were no signi®cant differences in the weight of food and non-caloric drinks (summed) consumed between diets (Figure 1 ). There was no signi®cant increase or decrease in the rate of food and drink intake over the 14 d of the study (Figure 1 ). When the wet weight of food without non-caloric drinks was examined, there was a signi®cant compensatory decrease in food intake as dietary ED increased, which was insuf®cient to defend energy balance, since the effect of dietary ED on EI was highly signi®cant ( Table 2) . Menu-day effects were also signi®cant and will not be discussed further. Since the composition of the diets was constant, macronutrient intakes (Figure 2 ) paralleled EI. Figure 3 shows that subjects lost weight over the 14 d on the LED diet, weight did not signi®cantly change on the MED diet and increased on the HED diet, giving cumulative weight changes of 71.20 kg, 0.02 kg and 0.91 kg on the LED, MED and HED diets, respectively, [F (2,10) 4.62; P 0.038] by the morning of day 15.
Results

Food, energy and nutrient intakes
Subjective hunger, appetite and perceived pleasantness of the diets Subjects differed from one another in their expression of subjective hunger (F (5,8) 294; P`0.001). Mean Table 2 Average daily food, energy and nutrient intakes (s.e.m.) for the low energy density (LED), medium energy density (MED) and high energy density (HED) dietary treatments, for the six subjects. Variance ratios, standard errors of the difference between the means (s.e.d.) and statistical probability for the main treatment effects has also been summarised 
Discussion
The effect of increasing the ED of mixed diets on food and EI
Covertly increasing the ED of mixed diets, led to a graded increase in the EI of these subjects. The MED diet was chosen to have an average ED of approximately 550 kJa100 g, because subjects have been shown to eat to approximate energy balance on similar diets, of this composition, in our laboratory. Indeed, in the present study, it appears from the body weight data, that subjects were in approximate energy balance on the MED diet. The LED (373 kJa100 g) and HED (737 kJa100 g) diets were chosen to be approximately 36% less or more in ED than the MED diet, respectively. At ®rst sight, it appeared Figure 1 Mean (s.e.m.) daily intake of food and energy for the six subjects on the three dietary treatments. ANOVA con®rmed the treatment effect was signi®cant at P`0.002. Figure 2 Mean (s.e.m.) daily protein, carbohydrate (CHO) and fat intakes for the six subjects on the three dietary treatments. ANOVA con®rmed the treatment effect was signi®cant at P`0.001. Figure 3 Mean (s.e.m.) change in body weight, relative to day 1 (set to zero), for ®ve of the six subjects on the three dietary treatments. ANOVA con®rmed the treatment effect was signi®-cant at P 0.038.
Energy density of mixed diets and energy intake RJ Stubbs et al that the subjects in the present study were consuming an amount of food and drink that was similar on each diet. We have previously expressed EI on MED and HED diets, in relation to that on the LED diet, to assess whether subjects ate in direct proportion to the ED of the diets. Indeed, this was the case when the ED of diets was previously increased covertly primarily using fat. 5, 6 In our previous study, where the ED of the diet was manipulated primarily using CHO, subjects showed an incipient but non-signi®cant tendency to eat more food on the LED diet 17 ( Figure 4) . EI was thus largely in proportion to the ED of the diet. 17 In the present study, expressing the average ED of each diet relative to the LED diet, gave ratios of 1.00, 1.47 and 1.98. Expressing EI on each diet, relative to the LED diet, gave ratios of 1.00, 1.26 and 1.60, respectively, indicating that the difference in EI between diets was less than it would have been had subjects not compensated to some degree by altering food intake. The wet weight of solid food also decreased as the ED of the diet increased giving values of 2.84, 2.51 and 2.31 kgad on the LED, MED and HED diets, respectively. Thus subjects consumed 12% and 19% less in solid food, on the MED and HED diets, in comparison to the LED diet. Clearly this degree of caloric compensation was insuf®cient to defend energy balance. It is important to question how quantitatively signi®cant these effects actually are. In order to appreciate this, the nature of the experimental design must be taken into account.
Limitations of the current experimental design
In studies where subjects have access to a range of familiar foods, after ingesting macronutrient-manipulated foods, 7,8,22 ± 25 caloric compensation is far more complete than when they can alter the amount but not type, composition or ED of the foods eaten. Studies, such as the present study, tend to be relatively insensitive, in that they only allow the subject to respond to a dietary manipulation by eating more or less of a diet in a ®xed composition and ED. Furthermore, dietary manipulations are often covert, the order of runs is randomised and the diets are formulated to appear as similar as possible in taste, texture and appearance. As in most studies of feeding behaviour, there were limitations to the design of this experiment. The study design (and hence conclusions arising from it) was subject to the following constraints. The food items are not common, familiar or`real' foods. Furthermore the ED of the diets range from 356 ± 738 kJa100 g, which in absolute terms is a narrow range relative to foods available in the free-living environment. It is likely that subjects would learn to compensate more rapidly for changes in the ED and composition of manipulated diets, if the manipulations were overtly paired to appropriate learning cues. Ideally, the results of overt and covert manipulations should be compared. This study was conducted in a very small number of subjects and these results should perhaps be replicated before attempting to extrapolate them to other groups or the general population. This design precludes learning about the physiological consequences of ingesting manipulated foods and the ability of subjects to respond to those manipulations, is blunted by these constraints of the experimental design. The result of this is to arti®cially raise the causal effect of dietary ED on EI. In other words, if a diet is manipulated in a way that subjects respond weakly, signi®cant differences in energy (but not food) intake will occur. Subjects fail to compensate to any great degree under these experimental conditions and EI tends to re¯ect the initial dietary manipulation. Thus, face-value interpretations of quantitative-response studies, such as these, may tend to overestimate the`regulatory' signi®cance of passive overconsumption, as the ED of diets is increased, and underestimate the importance of active changes in food intake or subjective hunger. This argument is supported by studies conducted under more ecological conditions 7, 8 and studies using diets more similar to those encountered in everyday life, 22 ± 25 in which subjects tend to compensate more accurately for alterations in dietary ED. These arguments also imply that it is important to design experiments which examine both quantitative (amount eaten) and qualitative (selection of food type, composition and ED) responses to dietary manipulations.
Comparison of a series of quantitative studies examining variations in the ED of the diet primarily using fat, CHO or mixed nutrients
If the above arguments are accepted, interesting differences in group responses occurred in a series of studies which manipulated dietary ED primarily using fat 5, 6 or CHO, 17 under the same experimental conditions. When the ED of the diet was altered primarily using fat, subjects did not compensate at all for alterations in dietary ED. 5, 6 Neither were there Figure 4 Mean (s.e.m.) daily food intake in response to changes in the energy density (ED) of the diet using mixed nutrients (present study), primarily fat 6 and primarily carbohydrate (CHO). 21 There were six men in each experiment, which lasted 14 d per dietary treatment. Signi®cance levels are indicated for treatments effects within each study. NS not statistically signi®cant.
Energy density of mixed diets and energy intake RJ Stubbs et al signi®cant differences in subjective hunger between the diets. 5 When ED was altered, primarily using CHO, there was no compensation for the ED of the diets, but subjects were signi®cantly (and anecdotally) more hungry on the LED diet, compared to the HED diet. 17 In the present study, there were no signi®cant differences in subjective hunger between the diets, but there was a signi®cant diet effect for prospective consumption. Subjects also showed a highly signi®-cant (albeit quantitatively small) compensation of food and EI on going from the LED to the HED diet. Thus, subjects responded more effectively to changes in the ED of the mixed nutrient manipulations (by active changes in food intake) than the primarily CHO-based manipulations (detectable changes in hunger), 17 which in turn showed a greater response than the primarily fat-based manipulations. 5, 6 These patterns are illustrated in Figure 4 . These comparisons are consistent with infusion studies in rodents 18 and humans, 19 which have found greater caloric compensation in response to mixed infusions than glucoseinfusions, which in turn produced greater caloric compensation than lipid infusions. These ®ndings in turn, are consistent with the notion that dietary macronutrients exert hierarchical effects on satiety (protein having the greatest effect and fat the least). 16 
Body weight changes
By day 14 of each dietary treatment, mean body weights had changed by 71.20, 0.02 and 0.95 kg on the LED, MED and HED diets, respectively. Change in body weight can be used to estimate change in energy balance, using estimates of the energy cost of weight gain and weight loss. The energy content of adipose tissue and lean body mass can be combined with the estimated ratio of fat (61%) to lean tissue (39%) contributing to body weight changes in a group of men with the physical characteristics of these subjects, to estimate the approximate energy content of weight change. 26, 27 It should be noted that the above ratio of fat to lean tissue corresponds to a ratio of 75% adipose tissue to 25% lean body mass, since adipose tissue comprises 80% lipid and 20% lean tissue. The adipose tissue of Reference Man comprises 80% fat, 15% water and 5% protein as wet tissue. 28 The gross energy of fat of 39.9 MJakg and of protein is 23. Forbes et al 26 made estimates of the energy cost of weight gain in adults. Using empirical data from their own laboratory and a number of rigorous studies from the literature, they have estimated the relationship between total excess energy ingested and total weight gain. From this they estimate the energy cost of weight gain in non-obese subjects to be 33.7 MJakg weight gain. Subtracting the energy content of weight change from the energy cost of weight gain gives an estimate of the cost of synthesis and maintenance of tissue deposition, 33.7 7 26.2 7.5 MJakg.
The energy cost of weight loss is likely to be less than that for weight gain. This is because the energy cost of tissue mobilisation is far less than the energy cost of tissue synthesis, and is likely to be cancelled out by the decrease in the energy required to maintain the tissues that have been lost. We have assumed this to be so and have therefore used the energy content of weight change (26.2 MJakg), estimated above as an estimate of the energy cost of weight loss for this group of subjects. This is necessarily an approximation, and in early life the energy cost of weight gain and loss may be in¯u-enced by a number of factors, including body composition and physical activity of the subjects. 26, 27 Using these values and the changes in body weight gives an estimated change in energy balance of 71.2 Â 26.2 731.4 MJ, 0.02 Â 33.7 0.7 MJ and 0.95 Â 33.7 32.0 MJ on the LED, MED and HED diets, respectively. Assuming that subjects were in zero energy balance on the MED diet, the differences in EI would have cumulated to produce energy balances of 736.4 and 47.2 MJ for the LED and HED diets, respectively. Thus the estimated change in energy balance from increase in weight was 15 MJ lower, and from decrease in weight 5 MJ lower, than the estimates using differences in EI, assuming zero energy balance on the MED diet.
Body weight¯uctuated, on a day-to-day basis, by an average 220 gad (range 20±670 g) on the MED diet. Using an average of the energy cost of weight gain (33.7 MJakg) and loss (26.2 MJakg), gives an approximate mean energy cost of weight change of 30.0 MJakg. This would give an average daily uncertainty of AE (0.22 Â 30.0) 6.6 MJ (range 0.6± 20.1). The above discrepancy is therefore at the extreme end of the error-range, arising from an assumed energy cost of weight change of 30.0 MJakg. These differences between energy balance estimated from change in body weight and change in EI are also within the errors arising from dietary intake measurements and the assumptions used in calculating the energy cost of weight gain and loss. Subjects may have been more physically active or less compliant on the HED diet. However, if subjects were non-compliant on this diet, it would not have been due to their eating foods not on the menu, since if that were the case they should have gained more and not less weight than expected. It is unlikely that subjects pretended to eat more food, Energy density of mixed diets and energy intake RJ Stubbs et al since they were feeding ad libitum and could eat as much or as little as they wanted and could simply leave the food in their fridge.
ED,¯uid and food intake
In the present study,¯uid intake estimates were not as precise as the food intake estimates, since subjects would occasionally drink water from other sources ± the most common being the kettle, for tea and coffee. However, it was of interest to note that subjects tended to drink more of the drinks provided as the ED and hence dry matter of the diets increased. Furthermore, failing to differentiate between¯uid and food intake in the present study would have led to the erroneous conclusion that the subjects did not compensate at all for the increase in dietary ED. The exact relationship between¯uid and food intake in human feeding behaviour is unclear. It is also unclear how¯uids may interact with the food matrix undergoing digestion in the gut (Mela, personal communication). It may be hypothesised that when¯uids and food matter interact to form a complex in the gut, that this may enhance short-term satiety. When solid food matter and¯uids interact less in the gut, it is likely that¯uid intake will exert less in¯uence over solid food intake.
Conclusions
This study concludes a series of studies where we have examined the effects of covertly altering the ED of the diet, primarily in the form of fat, 5, 6 or CHO, 17 and in this study using mixed diets of ®xed composition. These studies suggest that under the precise, but behaviourally insensitive, experimental conditions of quantitative feeding studies, where subjects can only alter the amount, but not the composition of covertly manipulated foods eaten, changes in dietary ED as fat, as CHO and as mixed diets, can exert profound effects on EI and body weight. The evidence from more ecological studies 7,8,22 ± 25 suggests that in real-life, where subjects can alter the amount, type, composition and ED of foods they ingest, compensatory responses to changes in diet composition andaor ED are likely to be more accurate, though often incomplete. Comparing the results of this study to our previous work, suggests that subjects may respond to a greater extent to covert manipulations of the ED of mixed diets than changes in the ED of CHO-rich diets, which produce greater responses than manipulations of the ED of the diet by increasing its fat content. The signi®cance of these effects under ecological conditions has yet to be determined. It is recommended where possible, that quantitative studies such as the present study be compared to studies where subjects can respond to prior dietary manipulation by altering both the amount and composition of foods they subsequently select. Food and nutrient selection may well be an important component of caloric compensation.
